The influence of the grounded dielectric substrate finite size on the surface-wave propagation in a microstrip patch antenna is investigated. A simple model that interprets this phenomenon is developed. To reduce surface mode levels and to improve the antenna gain and the radiation pattern, an electromagnetic bandgap structure consisting of a two-dimensional periodic pattern of circles etched in the ground plane of the antenna is adopted.
Introduction: The demand of ever increasing frequencies and decreasing costs in many electromagnetism applications necessitates innovative design, including a high integration level of active components, intringuing circuitry and radiative elements. While compact circuit design is best achieved on high dielectric constant substrates, optimum performance patch antennas are built on low-permittivity substrate [1] . Patch antennas on high dielectric-constant substrates, typically used for MMIC, suffer from very narrow bandwidths, low efficiency and irregular radiation pattern due to the radiation of unwanted surface waves [2] . The problem of narrow bandwidth can be overcome by increasing the substrate thickness: unfortunately this solution induces a strong decrease of the antenna efficiency because of the significant surface-wave losses.
In this Letter, we investigate the effect of the grounded dielectric slab size increase on the radiation pattern of an aperture coupled patch antenna made onto high permittivity, high thickness substrate. A simple model, which provides the relation between the E-plane radiation pattern and the ground plane sizes, is described. To improve the performance of the patch antenna the surface-wave propagation is inhibited by constructing an electromagnetic bandgap structure [3, 4] in the ground plane of the patch antenna.
Reference patch antenna: An aperture-coupled patch antenna operating at 8 GHz is designed using the simulation software CST Micro Wave Studio. We start our analysis by considering a rectangular patch antenna on a squared grounded dielectric slab, the characteristics of which are: e r ¼ 10 (AR 1000), thickness h ¼ 2.54 mm, surface S equal to 25 Â 25 mm 2 . The rectangular patch is 3.17 mm long and 6 mm wide. The feeding line is a standard 50 O microstrip line 0.41 mm wide; its dielectric substrate has a thickness of 0.5 mm and e r ¼ 10. The rectangular slot in the ground plane is 5.4 mm long and 0.5 mm wide and is centred in correspondence to the patch. To match the input impedance of the antenna an open microstrip stub 2.51 mm long is used. Fig. 1a shows the E-plane radiation patterns for different values of S. In particular the solid line shows the E-plane radiation pattern for
The main lobe direction is located along the broadside direction (y ¼ 0) and its magnitude is 4.9 dBi, the half power beamwidth is 121
. As we can infer from close inspection of the Figure, as the surface S increases, the performance of patch antenna significantly changes, i.e. the lobe number of the radiation pattern increases by increasing substrate area.
The aforesaid effect is due to the surface waves that, propagating in the dielectric substrate, become a sort of further radiant element which irradiates in an undesired direction. In fact, according to the transmission line model [5] , the patch radiator element may be treated as a line resonator with no transverse field variation. The radiator can be modelled as two slots of a distance L. Because the surface waves propagate just along the direction of alignment of these two slots, the plane of radiation pattern, more and more influenced by surface-wave effect, is the E-plane (j ¼ 0). The surface waves radiate when they reach the substrate edges. For this reason, when the E-plane is considered, the patch and the two edges of the antenna substrate become the radiant elements that give rise to an antenna array. As is well known, the radiation pattern of an antenna array changes with the distance between the antennas; therefore, the increase of the lobe number by increasing the substrate area and, consequently, the distance among the radiant elements can be associated to the grating lobes, typical of an antenna array. Moreover, in the broad-side direction, the interference is constructive in some cases and destructive in others: the effect of the surface waves on this sort of antenna array can be explained in terms of antenna feeding sometimes in phase and sometimes in phase opposition. The more the effect is emphasised, the larger the h=l 0 ratio. By increasing the ground plane sizes, both the gain along broad-side direction and the front-to-back ratio increase because of the greater screening effect.
Model for including surface-wave effects on radiation pattern: A simple model, which explains the link between the E-plane radiation pattern and the ground plane sizes, has been developed to interpret the observed phenomenon.
Two antennas are put at the origin of the co-ordinate frame: element 1 represents the patch antenna, while element 2 is the antenna that simulates the surface-wave radiation from the edges of the dielectric substrate.
In an antenna array the directivity is proportional to:
where N is the number of antennas constituting the array, I . i is the excitation intensity pertaining to the ith antenna, r i is the source vector accounting for the position of the ith antenna and f i describes the radiation pattern of the ith antenna. In our model, N ¼ 2 and r 1 ¼ r 2 ¼ 0 are assumed.
The E-plane (j ¼ 0) radiation pattern of the patch antenna is given by the following equation [5] :
where n ¼ L=(l g,p =2) ¼ 1 is the number of half guide wavelengths, L is the distance between two slots corresponding to the patch radiator and l g,p is the wavelength of the patch evaluated by developing the modal analysis of a parallel plate waveguide [6] . In (2) when n is odd the slot feedings are in phase, for even n the feedings are in opposition [5] . Because the radiation pattern of a grounded dielectric slab is unknown, we assume, for simplicity, the E-plane radiation pattern of the slab antenna described by an expression similar to (2) 
where m ¼ L s =(l g,s =2) is the number of half guide wavelengths, L s is the unknown distance between the effective slots corresponding to the grounded dielectric slab and l g,s is the guide wavelength of the slab evaluated by developing the modal analysis of the grounded dielectric slab [7] . Normalising the intensities I . 1 to I . 2 and inserting (2) for n ¼ 1 and (3) into (1), we obtain:
To identify the L s length, the radiation patterns derived by the developed model given by (4) have been compared with those obtained by CST simulations. A good agreement between the developed model and the Microwave Studio simulations is obtained when the distance L s between the effective slots corresponding to the grounded dielectric slab is equal to d=2, d being the length of the grounded dielectric slab, as shown in Fig. 1 . The relationship between the E-plane radiation pattern and the grounded dielectric slab sizes due to the surface-wave effects has been checked to be independent of the kind of the patch antenna feeding. Fig. 2 Aperture-coupled patch antenna with square lattice of holes etched in ground plane PBG patch antenna: To inhibit the surface-wave propagation, a 2-D electromagnetic bandgap structure (EBG) is introduced. Fig. 2 shows the layout of the EBG patch antenna. The EBG structure consists of a square lattice of circular holes etched in the ground plane. In particular, the uniform lattice is characterised by the absence of the hole in the ground plane under the patch, in order to not alter the characteristics of the radiant element. Moreover, it is necessary to bend the microstrip feed line to avoid filtering effects [8] which would reduce the system efficiency. The stopband centre frequency (8 GHz) is fixed by considering the Bragg condition, l g ¼ 2a, where a is the period of the EBG structure [3] . To achieve the suppression of the surface waves in a frequency range around 8 GHz using a substrate 100 mil thick, ground plane size ¼ 100 Â 100 mm 2 and e r ¼ 10, the period a ¼ 13.6 mm and the radius r ¼ 5 mm are fixed. Figs. 3a and b show the simulated E-and H-plane radiation patterns for the reference (dashed line) and EBG (solid line) antennas. It can be observed that the E-and H-plane radiation patterns of the EBG antenna are more regular. This means that the surface waves are considerably reduced. The gain in broad-side direction is increased $15 dB, the front-to-back ratio is increased $ 10 dB and the radiation in end-fire direction in the E-plane is considerably reduced. 
